The investigation and detection of faults, fractures, karst zones, cavities, etc., is important to reduce hazardous risks, in particular during excavation with tunnel boring machines. To locate such scatterers, we propose a method based on seismic interferometry that uses the noise signals generated by a TBM. Using finite-difference modelling of TBM noise in a homogeneous half-space, we model noise recordings. We then correlate the noise to obtain non-physical scattered arrivals for various scatterer locations. We use both non-physical scattered P-and S-wave arrival times to successfully estimate the location of scatterers.
Introduction
Optimization of tunnelling projects for technical, environmental, cost-and timesaving aspects generally require detailed knowledge of geological conditions of the area where the tunnelling is planned. Thus, detection of relevant faults, fractures, karst zones, water-or gas-bearing zones, cavities, and different kind of soft ground becomes very important for reducing hazardous risks, in particular during excavation with tunnel boring machines (TBM) (Kaus and Boening, 2008) . This created the need for methods that can "look ahead", i.e., detect any abrupt changes within the subsurface ahead of the TBM. Several geophysical methods are used to address this problem. These include geoelectical (Kaus and Boening, 2008, Kopp, 2012) , ground penetrating radar (Richter, 2008) and seismic methods (Brückl et al., 2001 , Sattel et al., 1992 , Swinnen, 2007 . While active-source seismic methods are more widely used in seismic exploration, recent years saw a surge in interest for passive-source seismic methods. Hauser (2001) was the first to successfully locate an obstruction ahead of a tunnel route using vibrations of a TBM. In that study, correlated noise recordings indicated the presence of a scatterer, which was also confirmed with ray-tracing modelling.
In this study, we consider the method described in Harmankaya et al. (2013) that uses non-physical arrivals to determine the location of a scatterer. While the method was originally developed for activesource seismic records, it is shown here that it can also be applied with a few modifications to passive seismic records. Here, the method is tested on three different scatterer locations using scattered Pand S-wave arrivals separately. It is observed that in all cases reliable estimations for scatterer locations are obtained.
Estimation of the Location of the Objects by Non-physical Scattered Waves
We aim to estimate the location of scatterers present along the path of a TBM by using the method described by Harmankaya et al. (2013) . This method uses cross-correlation and inversion to estimate the location of a diffractor or scatterer. This method was previously applied to active-source seismic data , but here we use noise as a source. Passive seismic modelling was conducted using 2D finite-difference modelling program (Thorbecke and Draganov, 2011) , which is capable of simulating active or passive sources. Figure 1 shows the model geometry where the TBM is indicated by a tan rectangular area at a depth of 18 meters, having 1 m width and 6 m height. We consider three scatterer locations (sc1, sc2, and sc3), which are ahead of the TBM at depths of 25 m, 19 m and 13 m, respectively. Two of the scatterers are located below and above the TBM, to represent various locations for a cavity or any other object that could threaten the tunnelling operations.
Figure 1 Schematic view of the model: noise source area representing a TBM (tan rectangle), receivers (triangles) and scatterers (black squares). Background P-wave velocity (V P ) is 600 m/s, while S-wave velocity (V S ) is 350 m/s.
The three scatterers are modelled independently. Wavefields are recorded by 131 receivers located at the surface and spaced at 1 m. For the passive modelling, the TBM noise is represented by 20 random noise sources located randomly inside the rectangular tan area. The noise's maximum frequency is 150 Hz, average duration of each source signal is 50 s, while the total duration of the modelling is 180 s. Figure 2a shows the recorded wavefield for the modelling for scatterer sc2 (due to limited space, images from other cases are not shown). We select a virtual-source (VS) location at receiver 20 (19 m) and cross-correlate all the traces from Figure 2a with the trace at the VS location to obtain Figure  2b . Here, both physical and non-physical arrivals may be present. In Figure 2b , we focus on the scattered P-and scattered S-waves and isolate them for further processing (Figure 2c and 2d) . Because the VS is to the left of the TBM and the scatterer, these scattered arrivals are non-physical.
Figure 2 (a) Recorded wavefield from noise sources for scatterer sc2. (b) Correlated wavefield for virtual source 20 (VS20). (c) and (d) Isolated P-wave and S-wave scattered arrivals from correlated wavefield (b).
To apply the method given in Harmankaya et al. (2013) , we need the travel paths between the scatterer and the receivers. To provide this, we choose VS locations and apply a second crosscorrelation to all the traces with the trace at the VS location but now using only the wavefields in Figure 2c and 2d. In this way, the dependence of the travel-time differences obtained from the first correlation on the TBM location is eliminated, and non-physical scattered arrivals are obtained, which depend only on the scatterer location. As the location of the scatterer does not change, the arrival times from the scatterer to the receivers are always constant (stationary), irrespective of the path to the scatterer. The isolated and cross-correlated scattered P-waves for virtual-source location VS30 (29 m) are shown in Figure 3a and b, while the S-wave results for VS79 -in Figure 3c and 3d. For the subsequent inversion, only the travel times from Figure 3b and 3d to obtain the location of scatterers.
To estimate the location of a scatterer, the following non-physical travel-time relation is used :
The relation calculates non-physical (ghost) traveltimes between the VS, the scatterer, and the receivers. In Eq.
(1), V is the wave velocity, i is the index for the receiver numbers, r and vs denote the receiver and virtual source, and x and z are the horizontal and vertical coordinates of a scatterer. The traveltime relation Eq. 1 is used in an inversion to estimate the unknown model parameters (the x and z location of the object) from the observed traveltimes obtained for each VS location. The weakly nonlinear problem is solved iteratively by using damped singular value decomposition . The uncertainties of the estimations are obtained by the model covariance matrix using a coverage factor 2, which provides a confidence level of 95 %. As can be seen from Figure 2 , the cross-correlation of the noise signal yielded scattered arrivals that are relatively easy to select from the rest of the recorded wavefields, as there is only one scatterer in each modeling case. Multiple scatterers, especially located close to each other, could make selecting the correct traveltimes more difficult. Here, the traveltimes are easily obtained from the non-physical arrivals shown in Figure 3b and 3d. For each scatterer location, only one set of virtual sources are used, which are VS30 and VS79 for P and S wave arrivals, respectively.
Figure 3 (a) and (c) Repeated from Figure 2c and 2d, respectively. (b) and (d) Cross-correlation of the P-and S-wave arrivals given in (a) and (c), respectively, with the trace at VS30 (29 m).
Results of the inversion for P wave arrivals are given in Figure 4 . In Figure 4a , the fit between observed (dots) and calculated (lines) traveltimes for each scatterer location (1, 2 and 3 for sc1, sc2 and sc3, respectively) are shown. The initial and the updated model parameters, x and z locations of a scatterer, are given for each iteration in Figure 4b . After five iterations, the locations of the scatterers are estimated accurately. The results are also listed in 
Conclusions
Using a method inspired by seismic interferometry, we showed that from the correlation of noise records from a tunnel boring machine, we can estimate the location of the scatterers ahead of the machine. For this, we use scattered body-wave noise and two correlations. With clearly observable scattered arrivals, we obtain very good estimations of scatterers at varying depths. We foresee that this method, after further tests and possible improvements, can be a useful tool for tunnelling projects.
